• Inquiry into the nature and the function of the microcirculation began shortly after Harvey postulated the existence of "porosities of the flesh" in 1628. Although the critical importance of the microcirculation was evident from the start, research in the area has been characterized by brief periods of activity and long periods of neglect. August Krogh (1) noted in his introduction to the Silliman Lectures in 1922 that before 1915 most physiology texts contained only a few lines on the subject of capillaries and histology texts all but ignored the topic. He also observed that interest in the capillaries grew substantially after that time with a number of laboratories simultaneously and independently taking up work in the area. In the years following Krogh's studies, the capillaries and the associated small vessels continued to occupy the attention of a number of laboratories that were using a variety of direct and indirect experimental approaches. Progress in the field was hampered, however, by the virtual absence of quantitative techniques which could be used in microscopic studies. As a consequence most researchers interested in quantifying microcirculatory function chose methods which involved measurement of total vascular function in an organ or a region.
The past few years, however, have seen a renaissance of interest in microscopic studies of the microcirculation accompanied by a Received September 7, 1971. Accepted for publication October 17, 1972. rapid development of a wide variety of new techniques for quantifying the behavior of the individual micro vessels. The purpose of this review is to describe a number of these new techniques and to assess their possible impact on this field.
The significance of recent developments can perhaps best be appreciated by considering experimental approaches previously used to study the microcirculation. It is probably not an exaggeration to state that researchers in this area face problems of unique difficulty. Direct observation of the microcirculation reveals a system of seemingly forbidding complexity. Red cells fold, bend, and twist as they pass into the capillary and through its narrow confines. At times capillary flow surges and ebbs in synchrony with rhythmic contractions in the arteriolar network. In other instances flow starts, stops, and reverses direction in an erratic fashion without visible cause. Some capillaries are filled with red cells, but others carry only an occasional cell and an abundance of plasma.
The preliminary preparation of tissues required for in vivo microscopy may seriously alter normal vascular function. Apart from a few readily accessible areas such as the toe web of the frog and the wing membrane of the bat, study of the microcirculation requires anesthesia and surgical intervention. Since the vessels which can be studied are of necessity very near the tissue surface, the application of bathing solutions as well as the surgical procedures involved can readily alter normal function.
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In addition, the difficulties faced in obtaining hemodynamic measurements in a microscopic system must be noted. For example, the compressibility of water is too large to allow conventional pressure transducers to be used with appropriately sized (2-5/A) micropipettes. An electromagnetic flow signal would be about three orders of magnitude less in a 50^, arteriole than it would be in a 1-mm artery. The accuracy of dimensional measurements in the smaller vessels is limited by the resolving power of the light microscope.
In view of these problems, it is not surprising that many microscopic studies of the circulation in the past have been largely descriptive. In this connection it is interesting to note, however, that Leeuwenhoek in 1674 successfully measured red cell velocity in the microvessels (2) . Using a grain of sand as his measure, he estimated the distance traveled by a red cell in the time required to pronounce a four syllable word, and he obtained a value of about 2 mm/ sec for the velocity of red cells in an arteriole 40/A in diameter. He also counted the capillary networks in the tail fin of the eel and argued that the relative abundance of such vessels in the tissues made it reasonable to suppose that the entire cardiac output passed through the capillaries of the body. Leeuwenhoek's precedent of quantifying microcirculatory variables has, with some outstanding exceptions such as the studies of pressure and filtration in the microcirculation by Landis (3, 4) , been honored more in the breach than in the observance by those who chose the microscopic approach. Cinematography and visual observation have been the principal means of gathering data with in vivo microscopy even when modern technology made quantitative studies possible.
It is, of course, apparent that information on the microcirculation can be obtained by means other than microscopy. An early example is Starling's study (5) of the forces involved in lymph formation, which led in turn to his hypothesis of capillary fluid exchange. In more recent times such approaches have become more prevalent until today most of the information on microcirculatory function is obtained by indirect techniques. This trend began to become apparent in the early 1940's. At that time pressure-flow studies of isolated organs became more common, and the concept of peripheral vascular resistance was introduced by Green et al. (6) . This measurement has proved to be extremely valuable in assessing the vascular tone in the peripheral circulation in a quantitative fashion. Not long afterward, Pappenheimer et al. (7) showed that weight measurements of isolated perfused organs could be used to study, in a highly precise manner, the various factors which influence capillary fluid exchange and ultimately to deduce capillary pore size. New developments in electronics also had a heavy impact on the technology of such studies, since pressure, flow, volume, and weight measurements in isolated organs became relatively simple and reliable. The availability of a variety of radioisotopes has made it feasible to study exchange of labeled molecules between blood and tissue in an entire organ or region. With the introduction of these techniques the overall function of the peripheral circulation, including the microvasculature, could be examined in a quantitative, analytical fashion. The success of this new methodology is apparent; the past two decades have seen a virtual explosion of quantitative knowledge relating to overall microcirculatory function.
The heavy emphasis of past years on obtaining information by total organ studies has unfortunately had no counterpart in studies of individual microcirculatory vessels. As a consequence the rapidly growing body of information on total vascular bed behavior has had to be interpreted in terms of a microcirculatory model whose essential features are not greatly different from those laid out by Krogh (8) over 50 years ago. According to this model, total blood flow is regulated by the caliber of the arterioles, nutritional and fluid exchange takes place across the walls of the capillaries, and organ blood volume is determined by the venules and veins. In addition, blood flow is believed to be distributed among
RENAISSANCE IN THE MICROCIRCULATION 819
the capillaries principally in accordance with local metabolic requirements in the vicinity of each capillary. However, the effector mechanism for individual capillary flow regulation is now thought to be the precapillary sphincter rather than the capillary itself, as Krogh had suggested. Some investigators add to the model arteriovenous shunts or similar normutritional channels which bypass the capillary circulation.
Although such a model is interesting as a generalization, its applicability to any one vascular bed is open to serious question. For example, precapillary sphincters have been described in certain tissues such as mammalian mesentery (9) and frog retrolingual membrane (10), but they have not been observed in skeletal muscle to any great extent and may not be functionally important there (11). On the other hand, the control of blood flow distribution at the level of the capillary, which Krogh reported in muscle, has not been described in tissues that are known to possess precapillary sphincters. In addition, arteriovenous shunts or anastomoses have occasionally been identified morphologically, but their occurrence outside of a few areas such as skin may be quite rare. Also, evidence is accumulating that the capillaries are not the sole site of exchange (12). It would appear that more definitive information on the behavior of the individual microvascular units in various tissues is extremely important for interpretation of the indirect measures now widely used to assess microvascular function. Most of the information needed cannot be obtained without applying the same exacting quantitative approach at the microscopic level as has already been applied at the macroscopic level.
Although-it is obvious, as pointed out above, that quantitative microscopic studies pose formidable technical problems, in the past few years many of these problems have been overcome; new techniques designed specifically for study of the microcirculation have been introduced. These developments have been assisted by major improvements in solid-state electronics, microelectrodes, elec- 
Today the outlook has drastically changed. Vessel diameter can be monitored continuously with a television scanning system which utilizes one or several lines of the television raster for a photometric scan of the microcirculation (14, 15) . Diameter can also be determined continuously by use of a flying spot microscope (16) . A more accurate, though discontinuous, measurement of vessel dimensions or the dimensions of the smooth muscle cell itself can be obtained with an image-shearing technique (17) . Intravascular pressure can now be measured using pipettes 1-2/i in diameter and a servosystem which measures the pressure required to keep blood from entering the pipette (18, 19) . A miniaturized oxygen electrode with a tip diameter of ifJL has now been developed (20) . Red cell velocity, flux rates, and indexes of capillary hematocrit can also be obtained by several online photometric techniques (21) (22) (23) (24) . Photographic techniques continue to play an important role in filtration measurements in single capillaries (25) and in measurements of dye transit times for determination of plasma flow (26) . The impact of these many new techniques on our knowledge of microvascular function is just now becoming apparent. The potential is impressive as the following examples illustrate.
Studies with the oxygen microelectrode have shown that the tissue oxygen tension in the vicinity of arterioles is very nearly identical to the intra-arteriolar Po 2 and that significant amounts of oxygen may leave the blood before it reaches the capillary bed (27) .
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Changes in potassium and sodium activity have been measured in the extracellular space of skeletal muscle during exercise using glass microelectrodes (28) . Potassium levels rise with a time course similar to that of the hyperemia itself, lending some support to the suggestion that this ion plays a role in dilation of exercise.
Measurements of arteriolar dimensions have revealed that arterioles dilate when arterial blood pressure is reduced, providing a physical basis for the reduction in calculated vascular resistance which occurs in autoregulating vascular beds (29) . Red cell velocity determinations in mesenteric capillaries have demonstrated that the precapillary sphincter in this bed ceases its periodic constriction when arterial blood pressure is lowered (30) .
Measurements of transcapillary fluid exchange in single capillaries have revealed that the venous capillary has a higher filtration constant than does the arterial segment (25) . Coupled with the observation that the venous capillary is larger and therefore has a greater surface area, this finding suggests that the midpoint of capillary fluid exchange in the context of the classical Starling hypothesis is well into the venous side of the capillary.
Pressure in glomerular capillaries of the Munich-Wistar rat measured with the servonull technique has been found to be about 50$ of the mean arterial blood pressure (31) . From the direct measurement of hydrostatic pressure on both sides of the capillary membrane and the protein concentration in efferent arterioles and systemic blood, the glomerular capillary filtration coefficient is estimated to be 0.044 nliters/sec cm H^O" 1 per glomerulus. This value is about four times greater than that obtained by indirect methods of measurement.
Recordings of intravascular pressure in the microcirculan'on have shown that a small component of pulsatile pressure can be found in the capillaries (19) under some circumstances. In agreement with indirect measurements using the isogravimetric technique, direct measurements of microvascular pressure provide evidence that approximately 6035 of an increase in venous pressure is transmitted up to the capillary bed in mesentery (32) .
Examination of red cell velocity in the microcirculation has shown that pulsatile flow can be recorded from almost all vessels larger than capillaries (33). Measurement of red cell flow in capillaries suggests that gross flow represents the sum of rather disparate behavior of individual capillaries. For example, gross flow in the intestine during continuous infusion of norepinephrine is characterized by an initial decline followed by an escape phase in which flow gradually returns to the control level. Summation of the flow patterns in individual mesenteric capillaries reveals a similar pattern, but most capillaries do not behave in this manner individually (34) . Similarly, during reactive hyperemia in skeletal muscle the sum of individual capillary flow patterns closely resembles the gross flow pattern, but only about one-fourth of the capillaries actually mimic the volume flow changes (35) .
The mechanical properties of the microcirculation have lately attracted the interest of physical scientists and engineers. Theoretical studies suggest that the mechanical properties of the capillary, and to a lesser extent the larger vessels, are determined by the surrounding tissue matrix rather than by the vessel wall (36) . Analysis of the unique structure of the pulmonary capillary network leads to the conclusion that "sheet flow" is a more accurate description of flow through the pulmonary capillaries (37) . The deformation of the red cell in the capillary is also an area of special interest. Studies of the red cell show that it folds like a crepe suzette when passing through capillaries smaller than it is (38) . Similar behavior is seen in large-scale models of the red cell.
Since most of the techniques used in these studies have been developed only in the past five years, it is fair to say that the potential of this new methodology is only beginning to be realized. It should now be possible to analyze a variety of important but currently unresolved issues. For example, the rheological properties of blood in the individual vessels may now be examined. The influence of the "sludging" phenomenon, shear-dependent viscosity, and hematocrit on blood viscosity in the microcirculation along with the contribution of geometric factors such as branching and tapering to the pressure drop in the microcirculation should be assessed. Many of our current concepts of blood rheology are based on studies in large-scale viscometers. Hopefully, a rheological model of the microcirculation will emerge from these new approaches.
The appropriateness of the present model of microcirculatory flow regulation has already been questioned in respect to individual organs. The validity of this model can be assessed in part with direct measurements of flow in single capillaries. Moreover, it should be possible to determine the relative responsiveness of various segments of the arterial microcirculation to metabolic factors. The distribution of myogenic responsiveness in large and small arterioles and precapillaxy sphincters also requires clarification. From these studies it should be possible to construct a model of microcirculatory regulation with neural, metabolic, and myogenic controls appropriately distributed. The specific details would, of course, vary from tissue to tissue.
It is likewise apparent that much more needs to be learned about the mechanical properties of the microvessels. The concept of critical closing pressure, for example, has gained wide acceptance without the benefit of a critical study of the mechanical properties of individual vessels. In vivo responses of the vessels to topically applied drugs have been assessed with qualitative tests, but not much is known about the length-tension relations of the smooth muscle cells in arterioles, precapillary sphincters, and venules.
The direction of scientific advance has often been determined by technological developments. As the power of these new techniques becomes more apparent it is likely that direct study of the microcirculation will become one OrcuUskm Rtittrcb. Vol. XXXI, Dtcmnbtr 1972 of the most active areas of research in the circulation.
Although the value of information obtained by single unit studies in the microcirculation is obvious, assessments of total vascular bed behavior will not become obsolete. Quantitative microscopic studies can provide data on behavior of specific elements, but it is difficult to impossible by such means to assess overall behavior. Conversely, total organ studies provide the general picture but cannot be extrapolated to single vessels. Obviously a comparison of data obtained with both approaches would provide maximum information and insight.
The technical difficulties inherent in microcirculatory studies have been noted previously. With present techniques of in vivo microscopy we can hope to gain access only to a small portion of the peripheral circulation. Moreover, the surgical techniques involved to prepare the tissues for microscopy can be quite drastic. The microcirculatory approach will in some organs simply provide evidence to confirm or deny existing hypotheses based on indirect approaches. For example, the process of exchange between blood and tissue is difficult to quantify at the microcirculatory level, especially for molecules which pass through the capillary wall slowly. Moreover, optical measurements of exchange can be applied to only a few molecules of appropriate size and optical properties. However, much more can be done with microscopy to determine the contribution of other vessels besides the capillaries to the exchange process. Also, the rate of movement of molecules of interest within the interstitium and the existence of concentration gradients can perhaps be best assessed with microscopic techniques. Making due allowance for limitations, the value of quantitative microscopy for studies of the microcirculation is quite apparent.
In conclusion, examination of the present status of microscopic studies of the microcirculation indicates a pronounced shift toward quantitative techniques in an area which has to this time been largely descriptive. 
